This study broadens vibration-like techniques developed for osseointegration monitoring to the nonlinear field. The time reversed elastic nonlinearity diagnostic is applied to two mock models. The first one consists of tightening a dental implant at different torques in a mock cortical bone; the second one allows one to follow glue curing at the interface between a dental implant and a mock jaw. Energy is focused near the implant interface using the time reversal technique. Two nonlinear procedures termed pulse inversion and the scaling subtraction method, already used successfully in other fields such as contrast agents and material characterization, are employed. These two procedures are compared for both models. The results suggest that nonlinear elasticity can provide new information regarding the interface, complementary to the linear wave velocity and attenuation. The curing experiment exhibits an overall low nonlinear level due to the fact that the glue significantly damps elastic nonlinearity at the interface. In contrast, the torque experiment shows strong nonlinearities at the focus time. Consequently, a parallel analysis of these models, both only partially reflecting a real case, enables one to envisage future in vivo experiments.
I. INTRODUCTION
Monitoring of osseointegration after total hip=knee replacement or dental implant sealing remains a challenge. X-ray based techniques, which are broadly applied along with clinical examinations, suffer from low resolution. 1 In addition, x-ray methods are less certain in light of the high reflection of metal prostheses. 2, 3 This has lead to much research aimed at developing new techniques to reduce x-ray dose 4 and to minimize scattering. In the 1990s, vibration analysis based techniques began to be developed. [5] [6] [7] [8] [9] These noninvasive and non-damaging techniques, which do not involve ionizing radiation, consist of monitoring the resonance frequency and=or damping, respectively, related to macroscopic stiffness and attenuation at the interface. Numerous in vitro and in vivo studies followed, showing mixed correlations with parameters such as insertion torque, 10, 11 the bone implant contact (BIC, obtained from histomorphometry 12 or micro-computed tomography, 10, 11 and the peri-implant bone elastic modulus (obtained from nanoindentation measurements). 13 Thus these tools still remain generally unproven for in vivo loose prostheses. [14] [15] [16] Measurement of nonlinear elasticity has been widely developed over the last two decades for non-destructive evaluation of industrial materials and solid Earth materials. 17 Such nonlinearity likely comes from frictional effects and=or clapping sources at an interface, such as micro-cracks or disbonds typically, providing information on the contact integrity and complementing linear elasticity measurements. 18, 19 To our knowledge, three groups have attempted measurement of nonlinear parameters at an interface bone=hip prosthesis (bone mock model, 20 in vitro 21 or in vivo). 9, 22 In these studies, the system is driven at a single frequency f and harmonics are detected at 2f and 3f if the prosthesis is loose. In particular, the in vivo study conducted by Georgiou et al., 22 which compares x-ray radiographs with linear and nonlinear elastic measurements, presents promising results. However, enhancement of signal to noise ratio in the measurement could improve the method sensitivity. Furthermore, most of these studies are only conducted for extreme cases of stability. Information over the entire osseointegration process, from the very loose to the well-secured case, would therefore be useful to complete our knowledge on the subject.
In the study reported here, we employ two signal processing approaches to extract the nonlinear behavior, termed pulse inversion (PI) and the scaling subtraction method (SSM), respectively. These were first developed to study the highly nonlinear behavior of bubbles (notably for contrast agent studies. 23 The PI procedure is performed by successively sending two pulses the polarity of which is inverted. The sum of the two responses, which is equal to zero in a linear system, adds even harmonics and suppresses the odd harmonics (fundamental component included) in the presence of weak acoustic=elastic nonlinearity. 24 On the other hand, the SSM procedure consists of successively sending two pulses the amplitude of which is different (one low amplitude, assumed linear, one larger amplitude assumed nonlinear). By rescaling a) Author to whom correspondence should be addressed. Electronic mail:
riviere_jacques@yahoo.fr both responses and computing the difference, the full nonlinearity is extracted. 25 These methods (and combination of both) are widely used in medical ultrasonic imaging using contrast agents and make the extraction of the nonlinear component easier compared to the traditional harmonic extraction. 24, 26, 27 Further, the PI procedure allows one to use a wide frequency band, where the fundamental and second harmonic components can overlap. 23 We apply the preceding signal processing approaches in combination with time reversal 28 (TR), an approach termed time reversed elastic nonlinearity diagnostic (TREND), part of the tool box known as time reversal nonlinear elastic wave spectroscopy and developed over the last decade as a new approach to detect defects in industrial materials, 29, 30 landmine location, 27 rock characterization, 31 and more recently for tooth imaging. 32 Time reversal provides the means to focus energy at a desired location with large amplitudes, allowing very localized detection of nonlinear properties. Moreover, as high strain amplitude is only located at the focal point, weaker excitation at the source transducers is required to obtain an equivalent strain amplitude compared to unfocused methods; this reduces unwanted nonlinearities coming from the source or from associated source electronics. 27 Finally, TR allows one to focus energy with a random location, i.e., chosen convenient, of ultrasonic sources compared to traditional focusing methods (e.g. highintensity focused ultrasound).
In the following, we report the first application of TREND using PI and SSM to osseointegration monitoring with the goal of ultimately applying similar methods in vivo.
II. EXPERIMENT
A dental implant=mock bone interface is investigated employing two different ways of mimicking osseointegration. The first experiment consists in tightening a dental implant [4.8 mm diameter, SwissPlus tapered from Zimmer (Carlsbad, CA, USA)] at different torques into a sample of mock cortical bone [short fiber filled epoxy sheet (76 mm Â 18 mm Â 2 mm) from Sawbones (Malmö, Sweden)] (Fig. 1) . The mock cortical bone has elastic, dissipative, and density properties close to cortical bone (anisotropy included). However, no information regarding the nonlinear elastic properties is given by the manufacturer. In the second approach, glue curing is monitored at the interface between a mock jaw and the same implant. Wood glue (Elmer's, Columbus, USA) is selected to obtain a slow progressive curing with no change in temperature. The mock jaw was previously made by bonding a mock cortical bone (92 mm Â 26 mm Â 2 mm) to a mock trabecular bone (Cellular rigid polyurethane foam, diameter ¼ 30 mm, h ¼ 20 mm, from Sawbones) applying epoxy. Like mock cortical bone, the mock trabecular bone has a density as well as macroscopic linear elastic and dissipative properties close to that of human trabecular bone. Also, sheet-like samples are chosen for experimental ease: We would expect similar results with cylindrical samples for example, closer in geometry to in vivo conditions.
The experimental setup shown in Fig. 1 (b) is composed of a bench vice, with eight piezoceramics bonded using epoxy. The mock cortical bone or the mock jaw is clamped in the vice for "torque" or "glue" experiments, respectively. A laser Doppler vibrometer (Polytec OFV-303 with OFV-3001 controller and VD-02 velocity decoder) is used to measure axial out-of-plane velocity on the implant ring. The vice acts as a highly scattering medium to maximize the focus. 33 It also provides the means to bond a large number of transducers to succeed in an efficient focus without affecting the sample.
The experimental protocol is described as follows [ Fig.  1(a) ]. Impulse responses (over a limited frequency band) are collected for each of the eight source-receiver paths, i.e., between each piezoceramic and the rim of the implant where the laser is pointed. The impulse responses are obtained in the following manner. A swept-sine source e(t) (75-125 kHz) is used for excitation of each piezoceramic consecutively. Each recorded signal s n (t) obtained with the laser (with n, the transducer index ranging from 1 to 8) is crosscorrelated with the input signal, r n ðtÞ ¼ s n ðtÞ Ã eðÀtÞ (1) where r n (t) is proportional to the system impulse responses h n (t), 17 and the * symbol is the convolution operator. The frequency band is selected to maximize the signal to noise ratio of the laser vibrometer. At the same time, the frequency band is chosen to be narrow enough to avoid the overlapping of the fundamental component with second harmonic. The second step is composed of focusing the energy onto the implant employing the virtual source method of time reversal ("reciprocal TR"). In this manner, the eight r n (t) are time-reversed and emitted simultaneously from the piezoceramics. Typical foci are displayed in Fig. 2 . To apply both PI and SSM procedures, step 2 is repeated four times, sending successively r n (Àt), Àr n (Àt), r n (Àt)=4 and Àr n (Àt)=4, giving, respectively, p 1 (t) to p 4 (t) foci.
The nonlinear components for PI and SSM are, respectively, obtained in the following way ( Fig. 2) :
j ssm ðtÞ ¼ p 2 ðtÞ À 4p 4 ðtÞ:
The combination j
gives the PI component at a low amplitude excitation [ Fig. 2(b) ]. The combination p 1 (t) À 4p 3 (t), which could also be used for the SSM component, gives very similar results to the one obtained with equation 3 (data not shown).
III. RESULTS
We observe in Fig. 3 the creation of higher harmonics when the strain amplitude reaches a maximum at the focus time. The focus obtained for the component j pi lowamp (t) is very weak in amplitude, confirming the hypothesis of a linear regime for the weakest amplitude excitation [ Fig. 3(b) ].
A. Normalization
The focusing energy changes during torque and curing experiments [Figs. 4(a) and 5(a)], leading as expected, to higher nonlinear components j i (with i ¼ pi or ssm) with larger focusing energy. Therefore these two nonlinear components, composed of different harmonics, are normalized to take into account changes in the focusing energy. This normalization is dependent on the nonlinearity type. 34 A purely hysteretic nonlinearity leads to no even harmonics and a square power dependence for all odd harmonics. A classical nonlinearity, i.e., following Landau theory, 35 leads to both even and odd harmonics, each mth harmonic having a mpower dependence. In this study, due to the presence of both even and odd harmonics in the responses with no predominance of odd harmonics (Fig. 6) , we assume the system to be primarily described by a classical nonlinearity. Thus the normalized nonlinear parameter 
B. Evolution with torque and glue curing
The maximum of focusing signal p 1 , as well as the evolution of nonlinear parameters i m , are presented in Figs. 4 and 5 for the torque and the glue experiment, respectively. Moreover, in Fig. 4 , two distinct experiments of torque change are presented. The behavior is similar for both experiments, revealing a quite good consistency. However, the maximum tightening reached for both experiments is different (50 and 75 N Á cm). Indeed with the implant's tightening being destructive for the mock cortical bone, the experiment is terminated when the ultimate stress is reached, and a new mock cortical bone is used for the next experiment. This different ultimate stress could be explained by a slightly different perforation diameter in the mock cortical bone during the preparative process. Indeed a few tenths of a millimeter could probably be enough to observe this difference. A second explanation is linked to the tightening velocity, proportional to the strain rate, which is not accurately controlled in the experiment. A rapid tightening velocity could actually be the reason for an early rupture.
Comparing Figs. 4(a) and 5(a), we see that the focal maximum decreases by few percent in the case of the torque experiment while it increases by a factor more than 2 in the curing experiment. This point will be interpreted in the discussion.
Nonlinear parameters Fig. 4(a) ].
For the curing experiment, only pi 2 is shown, as higher harmonics do not emerge from the noise level. For SSM, even the second harmonic does not emerge (not plotted). In Fig. 5(b) , the nonlinear component pi 2 increases during the three first hours of curing, attaining a maximum around the 15th hour, and then decreasing. A plateau is reached after roughly the 25th hour.
IV. DISCUSSION

A. Nonlinear evolution
Two separate experiments have been performed to mimic the osseointegration process. In the curing experiment (Fig. 5) , we believe that the overall low nonlinear level is due to the fact that the glue significantly damps nonlinearity at the interface. We infer this because four harmonics are present in the torque experiment (Fig. 4) , whereas only one is measurable during the curing. The nonlinear "sources" coming essentially from friction and stick=slip behaviors at the interface, the presence of the glue inhibits or at least attenuates these phenomena. In the same manner, characteristic clapping-type behaviors, which may also contribute to the observation of nonlinearity, are reduced by the glue.
At the onset of curing (Fig. 5) , the primary contact is a viscous-like state, giving modest nonlinearity. As the glue cures, the nonlinearity increases, reaching a maximum around the 15th hour of curing. The nonlinearity then decreases smoothly until the curing is complete and the contact perfect. The curing time given by the manufacturer (24 h) coincides well with the beginning of the low stable nonlinear level. Thus we assume that a competition occurs between viscosity and nonlinear effects at the beginning of the curing, leading to modest nonlinearity when viscosity is high. This has to be confirmed by future experiments.
During the torque experiment, no implant motion was detectable by hand or visually during tightening except at very low torques (5-10 N Á cm) and when the drop in response occurs around 20-23 N Á cm, affecting both total [ Fig. 4(a)] and nonlinear [Figs. 4(b) and 4(c) ] components. Consequently, we presume the tightening from 22 to 23 or 20 to 21 N Á cm suddenly leads to a more intimate contact.
B. Linear evolution
In both experiments, we would expect an increase of focused energy as the contact improves and wave energy traverses the contact more easily [Figs. 4(a) and 5(a) ]. For the glue experiment [ Fig. 5(a) ], we effectively observe an FIG. 6 . Spectrum of the focus signal p 1 for a 10 N Á cm-torque. We observe the presence of both odd and even harmonics without predominance of odd harmonics. This observation supports primarily a nonlinear "classical" regime that is taken into account for the normalization of j parameters. increase of the energy, the focused amplitude being multiplied by more than 2 during the curing. However, for torque experiment in Fig. 4(a) , the focused amplitude decreases by few percentages. We believe that this amplitude drop is the result of the concurrent evolution of two different parameters during the torque increase. We assume that the expected increase in focused amplitude in response to the static stress increase at the interface is partly weakened by a change in the relative position of both objects (implant and plate), the implant being seated more deeply in the plate when the torque increases. We think that this change damps the energy of the eigenmodal frequencies of the implant which are contained in the usable frequency bandwidth. We checked this hypothesis by using a traditional screw instead of the dental implant (i.e., with different geometry), leading to much less energy in the frequency band. The main contribution in the frequency band is hence due to implant's modes. Thus we think that the relative vertical change between the plate and the implant during tightening reduces the energy of several eigenmodes of the implant, leading to a slight decrease of focused amplitude.
C. Comparison of both models
In the torque experiment, the actual interface (mock bone=metal implant) is studied but the tightening results in a progressively deeper implant, a phenomenon not present in the actual osseointegration process. This last feature is not present in the curing experiment, but a third component has to be present at the interface (the glue), highly reducing the nonlinear response. Finally, we may expect some intermediate conditions in vivo between some completely dry conditions (torque experiment) and highly viscous conditions (glue curing).
The ratio of elastic moduli is about 7 between both materials: Young's moduli are 110 and 16 GPa for titanium and cortical bone, respectively. 36, 37 Thus for the torque experiment, tightening the metallic implant into a much less stiff material results in a plastic deformation, tapping the mock bone. This phenomenon may explain the abrupt transition observed around 20-23 N Á cm. In a previous study, 19 a metal screw was tightened in an aluminum tapped plate (205 and 75 GPa for Young's moduli of steel and aluminium, respectively, 36 giving a 2.7 ratio), and extracted elastic parameters showed only smooth transition over a large torque range. No plastic deformation between these two similar materials was induced in this case. This aspect remains a limitation of the torque experiment used here to mimic the actual progressive osseointegration. Finally, both models show different limitations and only a comparative study allows to envisage what could be obtained in vivo.
D. Comparison of both methods
The PI method leads only to even harmonic amplitudes but has the advantage of completely eliminating the fundamental part of signal (j pi has no component at the fundamental frequency). This fact provides the means to use a larger frequency band with overlap of fundamental with second harmonic (not applied here to compare PI with SSM). On the other hand, the SSM allows one to obtain the entire nonlinear response as described by Bruno et al. 25 As this method allows to obtain the nonlinearity of all harmonics and at the fundamental frequency, it requires a narrower frequency band excitation to avoid that fundamental component and second harmonic overlap. Finally, we note that in the curing experiment, where nonlinearity is weak, we were unable to obtain a clear second harmonic for the SSM experiment. The reason why we could not extract any second harmonic remains unclear. One reason may be due to the fact that the same acquisition card's vertical range was kept for both high (p 1,2 ) or low (p 3,4 ) focusing, leading to lower signal to noise ratio. Beyond these observations, one has to keep in mind that other combinations could be carried out in future experiments to increase the signal to noise ratio. In particular, methods already used for medical ultrasonic imaging and combining PI and SSM procedures through two or more signals could lead in a more efficient extraction. 38 
E. Study limitations and perspectives
One limitation of the study is the fact that we hypothesize one nonlinearity type from the spectral content to extract normalized nonlinear parameters. The solution to overcome this limitation would be to perform the experiment at multiple amplitudes of excitation and to extract the true amplitude dependence. Indeed the true dependence may deviate from the classical nonlinearity without being detectable from the respective amplitudes of odd and even harmonics. Nevertheless, performing the experiment at multiple amplitudes of excitation and for multiple "osseointegration stages" remains highly time-consuming, and we chose to excite only at two amplitudes for that reason. The second limitation is the limited dataset presented in our study. It does not allow us to check the robustness of the technique or to provide a comprehensive uncertainty analysis of the evolution obtained all along the torque increasing and glue curing. The torque experiment could be performed twice, and results showed a similar trend for both experiments. However, the glue curing experiment has been performed only once: The result must then be taken with caution. Further experiments are needed to confirm the robustness of the techniques. Future experiments will also include some changes to avoid drawbacks observed with both experimental models (Sec. IV C). Finally, some more complex combinations will be used to increase the effectiveness of nonlinearity extraction (Sec. IV D).
V. CONCLUSION
In conclusion, this experiment expands vibration-like techniques developed for osseointegration monitoring to the nonlinear field. We present the nonlinearity evolution obtained through two experiments mimicking osseointegration, from the loose to the well-secured case. The time reversal technique allows one to focus energy at a desired location to extract local nonlinear elastic properties. Thus providing new information on the interface, we expect these methods could increase efficiency of future devices and ultimately enhance the decision support for clinicians. This study will be carried on in the future by both in vitro and in vivo measurements.
